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Abstract 
To model clouds in the mesoscale a 3D nonhydrostatic numerical model -
GESIMA - was used, with a new cloud scheme which includes a quasispectral 
treatment of 6 different bulk water species ( water vapor, cloud water, rain, ice, 
snow, graupel) . lt allows to predict the distribution parameters since the number 
concentration and the mass mixing ratio were prognosed. So it is possible to vary 
the average particle masses ( diameters) in time which gives more realistic results. 
According to measurements two different distribution functions (log-normal for 
rain and cloud water and Marshall-Palmer for solid water classes) were used to 
describe the different water species. The cloud model is tested in a simulation of 
a mesoscale snowfall event over the southern Baltic Sea. 
Zusammenfassung 
Für die mesoskalige Simulation von Wolken wurde ein nichthydrostatisches 
numerisches 3D-Modell - GESIMA - benutzt, in dem ein neuer Wolkenmodul 
mit quasispektraler Behandlung 6 verschiedener Wolkenteilchenklassen (Wasser-
dampf, Wolkenwasser, Regen, Eis, Schnee, Graupel) implementiert wurde. Es 
erlaubt die Vorhersage der Verteilungsparameter, da sowohl die Teilchenzahlkon-
zentration als auch das Massenmischungsverhältnis prognostiziert werden. Damit 
ist es möglich auch die mittlere Masse (Durchmesser) einer„Teilchensorte zeitlich 
zu variieren, was zu realistischeren Resultaten führt. In Ubereinstimmung mit 
Messungen wurden 2 verschiedene Verteilungsfunktionen zur Beschreibung für 
die verschiedenen Teilchenklassen (log-normal für Wolkenwasser und Regen und 
Marshall-Palmer für Schnee und Graupel) benutzt. Das Wolkenmodell wurde in 
einer Simulation eines mesoskaligen Schneefallereignisses über der südwestlichen 
Ostsee getestet. 
1 Introduction 
The dynamics of the atmosphere cou1d be strong1y control1ed by douds (vice versa 
the opposite dependence is general1y believed too) . So it is reasonable that modeling 
of mesoscale effects in which clouds occur needs a realistic treatment of the cloud 
physics. To solve the microphysical equations in a 3D model it is necessary (because of 
computer limitations) to divide al1 the atmospheric water into a rather small number 
of different bulk water classes. The explicit treatment of microphysics is advantageous 
only for studies where the need of computer resources can be reduced by neglecting e.g. 
dimensions in space or by treating only the liquid or the solid phase of water. Because 
of some unsolved microphysical problems it is necessary to parameterize this processes 
(in agreement with measurements) and make the somewhat arbitrary division of the 
whole atmospheric water into different bulk water classes. But there are a lot of well 
tested explicit relations and theories that describe the reality in very good agreement 
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with measurements. These terms should be transformed from the microphysical point 
of view to the parameterized bulk water treatment as good as possible. The aim of this 
work is to present a cloud scheme where the parameters of two different distribution 
functions and withit the average particle masses are time dependent. To achieve this, 
the number concentration and the mass mixing ratio for every water dass is proedicted. 
This so called quasispectral treatment was developed to some detail by various authors 
e.g. Srivastava (1978), Nickerson et al. (1986) and Levkov et al. (1992). 
One of the important uncertainities in bulk models is the choise of a distribution 
function which has a great impact on the development of cloud properties. In agreement 
with experiments by Markovitz (1976), Feingold and Levin (1986) the log-normal (LN) 
distribution was used for cloud water (W) and rain (R) but the Marshall-Palmer (MP) 
distribution was choosen for snow (S) and graupel (G). Cloud ice (I) was treated 
monodisperse. 
The purpose of this paper is to present a case study for the evaluation of the 
improved cloud scheme. This is done using the mesoscale dynamical model GESIMA 
in a snowfall event over the Baltic Sea. 
2 The mesoscale model 
The dynamical part of the model GESUv1A is described in Kapitza and Eppel (1992) 
- only a brief summary is given here. The model is nonhydrostatic and inc]udes the 
anelastic Boussinesq approximation of Ogura and Phillips (1962). The coordinate 
system is terrain following. The predicted model variables are the velocity components 
(u,v,w) , the potential temperature (8) of dry air, and the number concentrations and 
mixing ratios of water species. 
At the upper boundary the horizontal components of the wind vector are equal 
to the geostrophical wind while the vertical component vanishes. Temperature and 
humidity remain constant in time at their initial synoptic values. 
The temperature of the seawater is fixed in time but the land temperature is cal-
culated through surface energy and water balance equations. 
The nonhydrostatic pressure is cakulated using Neuman boundary conditions. The 
normal velocity component on the lateral boundaries is treated with an Orlanski ra-
diation condition, while a first order extrapolation is used for the tangential velocity 
component, for potential temperature and humidity. There is also a first order extrapo-
lation for the liquid and solid water species on the top, bottom and lateral boundaries. 
3 Microphysical model description 
ollowing the continuity equations for the mixing ratio qx and number concentration Nx 
one has to specify all possible source/sink terms Q9:r and QN:r in the cloud modul: 
ß~x = ADV(qx) + D1F(qx) + :)qxUx) + Q9"' x E {V, vV,R,1,S,G} (1) 
fJN 8 ßtx = ADV(N.) + D1 F(Nx) + ßz (NrUx) + QNz XE {W, R, 1, s, G} (2) 
(ADV: advection; DIF: turbulent diffusion; U: terminal fall speed (Uw = U1 = 0), 
indizes: V: vapor, Vl: cloud water, R: rain, I: cloud ice, S: snow and G: graupel) 
Not all processes will be described here in detail. With our formu]ation of the 
microphysical model we follow Linet al. (1983), Cotton et al. (1986), Murakami (1990) 
and Levkov et al. (1992), but some new features are outlined in what follows. 
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Two different drop size distribution (DSD) functions are choosen. First, the Iog-
normal function (LN): 
XE [W, R] (3) 
is used for the rain- and cloudwater particles with the distribution parameters O"x, Dox 
and Nx the total number concentration and Dx the dropiet diameter. Second, the 
Marshall-Paimer function (MP) is choosen for snow and graupel: 
XE [S, G] (4) 
with the two free distribution parameters nox and >.x. Since the mixing ratio and the 
number concentration are predicted these quantities can be expressed as functions of 
the third and zero moments (1(3) and J(0l) of the DSD where the n-th moment is defined 
as: 
00 
J(n) = j xnf(x)dx (5) 
0 
The number concentration is simply the zero moment, since the DSD is normalized: 
00 
Nx = J(O) = j n(Dx)dDx (6) 
0 
Using spherical particles of mass mx = f2x1r D~/6, the mass mixing ratio qx is obtained 
in multipiying the third moment by (7rf2x)/(6g): 
00 
- J(3J.:'.: f2x - .:'.: f2x J D3 (D )dD 
qX - 6 - - 6 - Xn X . X 
(} (} 0 
(7) 
The general soiution for the n-th moment of the DSD for the LN and MP-distribution 
gives : 
(n) T n n 2 
( 
2 ) ]LN= lvD0 exp 2ln o- d J
(n) _ r( n + J ) 
an MP - ;.n+I (8) 
Therefore it can be expressed for MP-distributed particles: 
(9) 
which gives the two distribution parameters: 
(10) 
In the case of the LN-DSD the relation (6) together with (8) gives simpiy the identity 
of Nx = Nx without functional dependence of O"x or Dox· This means that oniy one 
of the remaining parameters crx or Dox can be diagnosed. The system of equations is 
closed by assuming O"x tobe constant and oniy Dox is computed. For the simuiations 
performed here values of In ow = 0.28 and In O"R = 0.5 (Nickerson et al., 1986) are 
choosen. So from (7) and (8) an expression for Dox can be derived: 
(11) 
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w R 1 s G 
ffiMin (kg] 6.54·10-17 2.68·10-10 4.19·10- 13 3.52·10-10 8.38·10-10 
ffiMax [kg] 2.68·10-10 5.23·10-4 2.09·10-9 3.52·10-4 8.38·10-4 
DMin [m] 500.10-9 80·10-6 12·10-6 200·10-6 200.10-6 
DMax [m] 80·10-6 10·10-3 200.10-6 20.10-3 20.10-3 
distribution- nini . 10 10-6 ow . . DbJ:i : 32.5·10-6 - nb~: 32.5·106 nb~ : l.1·106 
parameter ln ow = 0.28 ln CTR = 0.5 - .X'.5i = 0.25 _x~i = 0.6 
(! [kg/m3] 1000 1000 500 84 200 
a [ml-b /s] 
- 842 700 17 124 
b - 0.8 1 0.5 0.64 
u [m/s] - aDb ( ~ r/2 aDb('-';)1/3 aDb ( '-'; r/2 aDb ( r;.)1 /2 
Table 1: Parameters of hydrometeors used in this work. 
Values indicated by ini were set only at the beginning of the simulation 
afterwards they are variable in time. 
Since spherical particles and a constant particle density are assumed the average mass 
(mx) and the average diameter (Dx) of one particle can be diagnosed as: 
- (- 6)1/3 - qx. (! - mx. 
m.x = -- and Dx = --
Nx 1f (!x 
(12) 
The terminal velocities of the particles will be described by the general approach: 
( 13) 
Using (13) the mass weighted terminal velocity (Srivastava, 1978) for each dass can 
be derived: 
00 
J Ux(Dx)mx(Dx)nx(Dx)dDx 
Ux = _o~~oo=--~~~~~~~- (14) 
J mx(Dx)nx(Dx)dDx 
0 
and also the number weighted terminal velocity for use in (2) is obtained setting mx = 1 
in (14). The speci:fic parameters for all hydrometeor classes are de:fined in Table 1 and 
a schematic summary of all included cloud processes is given in Figure 3. More details 
of the accretion processes, inparticular the consequences of using different distribution 
functions are described in Devantier (1994). 
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Included processes: l. nucleation of cloud drops from supersaturation ( Graßl and Levkov, 
1984); 2. condensation/deposition nucleation of ice crystals from supersaturation (Meyers et 
al., 1992); contact nucleation of ice crystals from supersturation (Cotton et al., 1986); 3. 
condensation/evaporation of cloud drops (Nickerson et al., 1986); 4. deposition/sublimation 
of cloud ice (Cotton et al., 1986); 5. condensation/evaporation of rain (*); 6. deposi-
tion/sublimation of cloud snow (Lin et al., 1983); 7. deposition/sublimation of graupel (Lin 
et al., 1983); 8. autoconversion of cloud water to rain; accretion of cloudwater-rain (Berry 
and Reinhardt, 1973 / Nickerson et al., 1986); 9. autoconversion of cloud ice to snow by col-
lection/deposition (Murakami, 1990 / Pasarelli and Srivastava, 1979 ); accretion of ice-snow 
(Lin et al., 1983); 10. heterogeneous freezing of cloud water (*); homogeneous freezing (mel-
ting) of cloud water (ice); 11. accretion ice-rain (*); 12. accretion cloud water-graupel (*); 
13. accretion cloud ice-graupel (Lin et al., 1983); secondary ice production (Aleksic et al„ 
1989 and Cotton et al., 1986); 14. accretion cloud water-snow (*); 15. accretion rain-graupel 
(wet/dry growth); freezing of rain (*); melting of graupel (Lin et aJ„ 1983); 16. accretion 
snow-graupel (Lin et al., 1983); conversion from snow to graupel (Murakami, 1990); 17. ac-
cretion rain-snow; freezing of rain (*); melting of snow (Linet al., 1983); 18. selfcollection of 
rain; (Berry and Reinhardt, 1973 / Nickerson et aJ., 1986); 19., 20., 21. fallout of rain, snow, 
graupel; 
Processes indicated by (*) were described by Devantier (1994) based on works as cited above, 
Pruppacher and Klett (1980), Mizuno (1990) and others. 
Figure 1: Schematic diagram of the cloud modul with all included microphysical processes 
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4 Model runs 
4.1 The mesoscale event 
lt is not easy to find a weather event which can be simulated with a mesoscale numerical 
model regardless of the large scale synoptic conditions. One of such phenomena is the 
land-sea breeze circulation which is often used for mesoscale simulations (e.g. Jacob, 
1991). A detailed analysis of surface pressure maps in the region of the Baltic Sea has 
exhibited another rare mesoscale event - the so-called Baltic Heat Cyclone - which is 
described in detail by Tiesel (1984). In winter time such cyclones can be observed if 
very cold dry air flows from the arctic region or the Russian continent southwestward 
into the Baltic Sea. If this cold air is overlaying the warm water surface with warm 
temperatures, meteorological events can occur that are atypical for such high pressure 
situations. For example heavy snowfall was observed (Pike, 1990) for such weather 
conditions around January 11, 1987. The synoptic chart for this day (Fig. 2) shows a 
pool of extremely cold air over the relativly warm Baltic Sea. 
Figure 2: Surface synoptic chart at 1200 UTC on 11 January 1987, after Pike (1990). Heavy 
dashed lines indicate low-level convergence lines or coastal fronts. The marked 
square shows the model area. 
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As a result of this situation extremely heavy snowfall was observed over the German 
coast. lf this snowfall event is primarily caused by mesoscale weather phenomena, it 
should be possible to model it by means of a mesoscale model (like GESIMA). lncluding 
the new cloud routine into GESIMA would be a fine example to test this model in 
comparison with observed snowfall rate and cloud patterns shown by Pike (1990). 
4.2 The maximum precipitation rate during the observed snowfall 
event 
A mesoscale model can simply be used in mesosacle simulations if lateral energy fluxes 
can be neglected. lf it can be sbown, that in tbe following example the observed 
precipitation rates are caused by mesoscale processes alone in the region used by the 
applied model, than the energy transfer can be described without synoptic data of 
greater scale. 
Using the Magnus formula to calculate the specific humidity q (g/g): 
_ 3.79 . R (19.83 · -a) 
q - p exp 273 + fJ (15) 
(R: relative humidity, p: air pressure, rJ: air temperature in °C) and controling the 
stratification by the bulk-Richardson-number: 
(16) 
a simple bulk parameterization can be used to calculate the water vapor flux over the 
Baltic Sea: 
(17) 
Herein, () is the potential temperature (() = T(1000/p)0 ·286 ), Uz the wind speed, T the 
absolute temperature, {2 the air density, g the gravitational constant and the index z 
indicates the scale height of z = 10 m whereas index 0 is used for bottom values. 
Table 2 summarizes the parameters used to calculate the water vapor fluxes for two 
different situations, both with sea temperatures of 1°C. The first one for a temperature 
difference between air and water of 20 K, second for a difference of 10 K. Following Arya 
(1988) an enhanced transfer coefficient of latent heat CE(Ri) is used for water vapor. 
Under near neutral conditions the equivalence between the heat transfer coefficient and 
the drag coefficient Cz is experimentally confirmed and over the Baltic Sea a value of 
Cz = 1.3 · 10-3 was assumed (Brocks and Kruegermeyer, 1970). 
The the snowfall distribution (Pike, 1990) for the time between 11 and 12 January 
shows two distict snowfall regions. The first one is parallel to the German Baltic coast 
up to Hamburg and has an area of FNH = 11500 km2 with a width of BH = 40 km. The 
observed average snowfall height is about 12 cm. The other one near Greifswald has an 
area of FNG = 20000 km2 with a widtb of Ba = 90 km normaly to the wind direction. 
In a period of 24 hours the observed average snovdall height was about 10 cm. 
lt is assumed that over the open sea in time t ( =24 h) the water evaporates over 
an area of: 
Fv = t · Uz · B - FN (18) 
and is falling out as snow. In the area of FNH or FNa than the average snowfall height 
hs can be calculated: 
(19) 
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air temp. T = -19°C air temp. T = -9°C 
potential temp. ()z (K) 252 262 
temp. of water surface T0 (°C) 1 1 
rel. humidity of air R (%) 50 50 
saturation specific humidity 
over water ( at 1°C) qo (g/ g) 3.97. 10-
3 3.97. 10-3 
saturation specific humidity 
1.88. 10-3 
at air temperature qz (g/g) 8.38. 10-
4 
air density e (g/cm3 ) 1.39 1.34 
Richardson number R; -0.068 -0.032 
wind speed Uz (m/s) 10 10 
drag coefficient Cz Arya (1988) 1.7. 10-3 1.5. 10-3 
flux of water vapor E (kg/ m 2 / s) 8.4 · 10-5 6.0 · 10-5 
Table 2: Parameters for estimation of snowfall under different conditions 
air temp. (°C) -19 -9 
Hamburg Greifswald Hamb1 ;. Greifswald 
area of evaporation Fi' (km 2) 23000 57000 23000 57000 
area of precipitation FN (km2) 11400 20000 11400 20000 
estimated snow height hs (cm) 17 25 12 17 
observed snow height (cm) 12 10 12 10 
Table 3: Comparison of measured and estimated results of snowfall heights 
with es = 84 kg/m3 . Table 3 shows the maximum possible snowfall heights accumula-
ted over 24 hours. 
The calculated and the observed averaged snowfall heights are in good agreement. 
This could be considered as an argument for a mesoscale phenomenon since in the 
selected weather situation energy and humidity could be described without large scale 
transport processes. Consequently it is reasonable using a mesoscale model to describe 
the transfer of water and energy in this observed snowfall event. 
4.3 Initialization 
The model domain consists of 49 x 49 horizontal points with a grid width of 5 km in 
each direction. The vertical direction is divided in 23 levels with a resolution from 40 m 
near bottom to 1 km around the top. In the levels where clouds exist the maximum 
distance is 250 m. As input serves the radio sounding of Kopenhagen (Fig. 3) from 
01/11/87, 0000 UTC. All variables are initially horizontaly constant except for the 
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difference between land and water temperature with 256 K and 274 K respectively. 
Profiles of potential temperoture ond rel. humidity 11/01 /87 
0 rel. h5oidity , 007. 
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Figure 3: Radio soundings of different stations an 11January1987, 0000 UTC. The sounding 
from Kopenhagen serves as model input . The profil of rel. humidity was used for 
model initialization. 
4.4 Dynamical results 
Figure 4 shows the horizontal wind vector in 40 m over ground after 16 hours of si-
mulation time. Clearly two different convergence lines can be recognized along the 
coastlines of Germany, one eastwards of Rügen island and the other westwards. The 
cold wet maritim air meets the more dry and colder air above the land areas which sta-
gnates due to enhanced bottom friction. Because of this discontinuity between the land 
and sea surfaces coastal fronts develop and the model shows good agreement compared 
with the synoptic situation (Figure 2). The modeled values of the area averaged wind 
speed compare well with different meteorological stations, e.g. Arkana (Rügen) with 
20 m/s or Greifswald with nearly calm agree and reflect the high variability of wind 
speed over sea and land. The ideal horizontal wind pattern of a cyclone is disturbed 
by the strong overlaying background wind but in numerical case studies not discussed 
here (see Devantier, 1994) it could be shown that a small scale Baltic Heat Cyclone 
may develop over the Oder Bight if the geostrophic wind speed decreases. 
4.5 Comparison of simulated snowfall with measurements 
The formation of clouds begins after 7 hours of simulation in heights above 750 m where 
the air reaches the saturation point at temperatures of about -20°C. Because of the 
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horizontal wind field 
20 
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11:71m/s 
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x-gridpoints 
x-y cross section ot z=40m; time= 16h 
Figure 4: Horizontal wind field near ground after 16 hours simulation. Two convergence lines 
along the Germ an coasts developed as a result of temperature contrasts of sea and 
land surface temperatures (about 15 K). 
stable stratification of the atmosphere the convection diminishes in heights of about 
1500 m which is very typical for such conditions of cold air outbreaks over the Baltic 
Sea (Tiesel, 1984). About 2 hours later the cloud contains considerable snow content 
which caused the following snow falls in the lowest model layers between 0 ... 40 m. 
To determine the snow fall rates the snow mass mixing ratios of the lowest model 
layer were integrated over 24 hours. Using the actual model parameters a snow mass 
mixing ratio of 0.1 g/kg corresponds to a snowfallrate of 7 mm/h. The result of the 
time integration of model output can be seen in Figure 5. Comparing this with the 
observed snowfall from Pike (1990) (Figure 6) one finds the the same pattem and an 
agreement of the average values (about 15 cm) as well as of the maximal values (about 
60 cm) which differ no more than 30%. 
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Figure 5: Accumulated snowfall over 24 hours simulation at ground level. Datas were deter-
mined trough integration of 48 values of half hour model output 
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Figure 6: Accumulated snowfall (cm) in the 24 hours up to 0600 UTC on 12 January 1987 
after Pike (1990) 
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5 Conclusions 
In the simulation it was clearly shown that the dynamic behaviour was well described 
compared to observations. In particular coastal convergencies developed which are 
connected with the lifting of air following to the arising of clouds. Then the cloud 
modul gives values of snow and ice content in agreement with snowfall data. This 
indicates the potential value of the improved cloud scheme. 
Since it was a first case study evaluating the cloud scheme further investigation will 
follow. For next model runs it is intended to validate the cloud modul using satellite 
picture analysis. A comparison of different cloud parameterizations schemes should 
allow to point out any mispredictions. Other aspects of cloud modeling as varying 
density and shape of solid hydrometeors and introduction of ice distribution functions 
are planned in future developments. To give more realistic results for longer time (in 
the order of some days) the model must be coupled to a large scale model by receiving 
more detailed input data. 
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